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We introduce the concept of 3D Dirac (Weyl) superconductors (SC), which have protected bulk
four(two)-fold nodal points and surface Andreev arcs at zero energy. We provide a sufficient criterion
for realizing them in centrosymmetric SCs with odd-parity pairing and mirror symmetry, e.g., the
nodal phases of CuxBi2Se3. Pairs of Dirac nodes appear in a mirror-invariant plane when the
mirror winding number is nontrivial. Breaking mirror symmetry may gap Dirac nodes producing a
topological SC. Each Dirac node evolves to a nodal ring when inversion-gauge symmetry is broken.
A Dirac node may split into a pair of Weyl nodes, only when time-reversal symmetry is broken.
Topological states of matter have attracted significant
attention since the discovery of topological insulators [1].
The idea of topological classification was soon general-
ized to superconductors (SC) which have energy gaps for
quasiparticles [2]. Interestingly, topological phases also
exist for systems without energy gaps. Graphene and its
ABC stacked cousins are examples of two dimensional
(2D) semimetals [3, 4], in which their Fermi surfaces con-
sist of isolated points that are protected by the chiral
(sublattice) symmetries. Indeed, the constant energy sur-
faces of these graphene few-layers have winding numbers
set by the number of layers. Recently, the topological
semimetal concept has been extended to three dimen-
sions (3D). Unlike the critical point between 3D trivial
and topological insulators with inversion symmetry, the
fourfold degenerate Fermi points in 3D Dirac semimet-
als [5–11] are protected by crystalline symmetries. When
an essential symmetry is broken, a Dirac semimetal, both
in 2D and 3D, may become a topological or a trivial
insulator. Moreover, a Dirac point may split into two
Weyl points when inversion or time-reversal symmetry
(TRS) is broken, and the Dirac semimetal becomes a
Weyl semimetal. In 3D a pair of Weyl points [12–16]
is protected by Chern numbers ±1 of constant energy
surfaces with each enclosing one Weyl node, leading to
a surface Fermi arc. In contrast, a 3D Dirac semimetal
may or may not have a surface Fermi arc. However, it
is generally not an easy task to pin the Fermi energy
exactly at the nodal points in semimetals.
Nodal phases are common for unconventional SCs.
One may naturally wonder whether there also exist Dirac
or Weyl SCs in 3D. If the answer is positive, what pro-
tect their nodes and are there any surface consequences?
Remarkably enough, we discover that their existence is
indeed possible. In this Letter, we will provide a suffi-
cient criterion for their realizations and will discuss their
topological protections and surface consequences.
In the Bogliubov-de Gennes (BdG) description of SCs,
the particle-hole redundancy leads to a natrual half-filling
and an intrinsic particle-hole symmetry (PHS). Com-
pared to the cases of semimetals, the former feature sim-
plifies our task to focus on the nodal points at zero energy,
whereas the latter feature poses an additional symmetry
constraint which plays intriguing roles in stabilizing the
nodes. Specifically, we find that a 3D Dirac SC can be
realized in a nodal phase of a centrosymmetric SC with
odd-parity pairing and mirror symmetry. Pairs of Dirac
nodes would appear in a mirror-invariant plane when the
mirror winding number [17, 18] is nontrivial. Each Dirac
node is protected locally by the combination of mirror
symmetry, TRS, and an inversion-gauge symmetry which
we will introduce in a short while.
Breaking any symmetry destroys the Dirac nodes: (i)
breaking mirror symmetry may fully gap the nodes pro-
ducing a topological SC; (ii) breaking inversion-gauge
symmetry extends each Dirac node to a robust nodal
ring; (iii) a Dirac node may split into a pair of Weyl nodes
only when TRS is broken. These evolutions of bulk Dirac
nodes and the corresponding deformations of surface An-
dreev arcs are summarized in Fig. 2. Our physics might
be realized in the nodal phase of CuxBi2Se3 [19], which
at least serves as a concrete example to illustrate the new
physics we will present.
Our analysis starts from the Fu-Berg mean-field
model [19] describing the SC state of CuxBi2Se3:
H = [v(k × s) · zˆ σz + vzkzσy +mσx − µ] τz+∆τx . (1)
In the above BdG Hamiltonian the Pauli matrices σ,
s, and τ act on the orbital, spin, and Nambu spaces,
respectively. For each orbital we have chosen the ba-
sis as (ck↑, ck↓, c
†
−k↓,−c†−k↑)T . The τz-term describes
the normal state near Γ point, with its form deter-
mined [20, 21] by the inversion (P = σx) symmetry, the
mirror (M = −isx) symmetry, i.e.,
MH(kx, ky, kz)M−1 = H(−kx, ky, kz) , (2)
and the C3(zˆ) symmetry of the CuxBi2Se3 crystal. zˆ is
the quintuple-layer normal, m is the normal state band
gap and µ is the chemical potential. The pairing term ∆
can be classified [19] according to the representations of
the crystal point groupD3d. The existence of mirror sym-
metry requires [17] the winding number to vanish for any
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FIG. 1. Features of a 3D Dirac superconductor. (a) Two Dirac nodes (black dots) located in the (shaded) mirror invariant
plane. The nontrivial mirror winding number of the kx, ky = 0 (pink) line protects the nodes and dictates the presence of a
Majorana Kramers pair (red dot) and Majorana arc (blue curve) on the (001) surface. (b) The linear energy dispersion around
one Dirac node from our tight binding calculations [28]; each band is doubly degenerate because of TRS and inversion-gauge
symmetry. (c), (d), and (e) Band structures of a (001) slab. (c) Positive energy dispersion of the surface states. The blue color
corresponds to zero energy. (f) Band structures of a (010) slab. (g) Surface density of states for (001) and (010) surfaces.
fully gapped 3D SC with TRS. Indeed Fu and Berg have
shown [19] that the topological state (∆ ∼ σysz) breaks
the mirror symmetry whereas the states respecting the
symmetry are either trivial (∆ ∼ I or σx) or nodal. Our
focus will be on the nodal phase with ∆ ∼ σysx. Similar
results also apply to other nodal phases.
Under inversion the normal state has even parity
whereas the pairing σysxτx has odd parity, yet the Hamil-
tonian (1) still has an inversion-gauge symmetry, i.e.,
τzPH(k)P−1τz = H(−k) . (3)
We observe that in the mirror invariant plane with
kx = 0, the nodal points are located away from the time-
reversal and mirror invariant line ky = 0. Indeed, along
this special line, the BdG Hamiltonian (1) reduces to
H = (vzkzσy +mσx − µ)τz + ∆σysxτx , (4)
the spectrum of which is fully gapped as long as the pair-
ing potential ∆ is nonzero. It is easy to verify that Eq. (4)
is adiabatically connected to the case for m = µ = 0 (by
first letting m→ 0 then µ→ 0) described by
H¯ = vzkzσyτz + ∆σysxτx , (5)
in which both σy and sx are good quantum numbers with
eigenvalues ±1. Now consider the interface between a 1D
system described by Eq. (5) and the vacuum. The trivial
vacuum is adiabatically connected to a pure s-wave SC
and thus can be modeled by ∆sτx, with ∆s → ∞ and
∆s ·∆ > 0 [20, 22]. One recognizes that out of the four
possible cases σy = ±1, sx = ±1, there are two copies
of Jackiw-Rebbi problem [23] of a 1D two-band Dirac
model, i.e., one with σy = −1 and sx = 1 and the other
with σy = 1 and sx = −1. Each Jackiw-Rebbi problem
has a zero-energy bound state localized on the surface [20,
23]. Due to the TRS and PHS, these two zero modes
form a Majorana Kramers pair at kx = ky = 0 at the
top or bottom surface Brillouin zone (BZ), as sketched in
Fig. 1(a). Moreover, across this special momentum, there
exists a Majorana Kramers arc connecting the projected
nodal points in the surface state spectrum.
To visualize the Dirac nodes and their surface conse-
quences more clearly, we numerically calculate the en-
ergy spectrum for a slab geometry terminated by vac-
uum at proper surfaces, using a layered hexagonal lattice
model [24]. Fig. 1(c-e) show the features of (001) sur-
face states. The two surface projected nodal points are
located in the kx = 0 line with finite ky values in the
surface BZ; there is a flat surface arc connecting the pro-
jected nodal points. This arc is doubly degenerate and
hosts a Majorana Kramers pair at its center.
Remarkably, the presence and the flatness of Majorana
Kramers arc in Fig. 1 are not accidental and indeed pro-
tected by the mirror symmetry and TRS, as we explain
now. Consider the mirror invariant plane (kx = 0) with
a pair of nodal points at ky = ±kn. In this plane, two
mirror subspaces (sx = ±) decouple and are related by
TRS and PHS. Both TRS and PHS are broken in each
mirror subspace, yet the chiral symmetry, i.e. the prod-
uct of TRS and PHS, is still respected. For any fully
3gapped loop l in this plane, the presence of chiral sym-
metry allows the definitions of total and mirror winding
numbers [17, 25] as follows:
γt,m =
1
2pi
∮
l
(Ak+ ±Ak−) · dk , (6)
where Ak± is the Berry connection of the negative energy
band in the sx = ± mirror subspace. Explicit calcula-
tions show that γm = 1 [26] and γt = 0 for Eq. (4), which
dictates the presence of a Majorana Kramers pair [22] at
the surface BZ center. In the kx = 0 plane, the states
in ky = a loops with |a| < kn and with |a| > kn are
adiabatically connected to the state of Eq. (4) and to
the vacuum state [27], respectively. Hence in the former
case γm = 1 whereas in the latter case γm = 0. Equiv-
alently, γm = 1 (−1) for any loop enclosing the ky = kn
(−kn) nodal point whereas γm = 0 for any loop enclosing
both or neither nodal points. The nontrivial γm has two
important consequences.
First, the nodal points must exist in the mirror invari-
ant plane. To demonstrate this, suppose that there is no
nodal point in the plane, then the presence of chiral sym-
metry requires that both the total and the mirror Berry
curvatures [17] must vanish, leading to a contradicting re-
sult γm(0) = γm(pi) via Stokes’ theorem. Therefore, the
derived difference in γm implies the presence of a pair of
nodal points in the plane. Out of the plane, the absence
of mirror invariance implies gap opening. Fig. 1(b) shows
that the quasiparticle energy dispersion is linear in all
directions near the bulk nodal point. Furthermore, each
band must be fourfold degenerate because of the presence
of both TRS and inversion-gauge symmetry. Therefore,
the nodes are Dirac nodes.
Secondly, γm = 1 amounts to a Berry phase ±pi in the
decoupled mirror subspace with sx = ±. This implies a
protected surface state at (kx = 0, ky) for any |ky| < ±kn
in any surface that preserves the mirror symmetry. More-
over, the presence of chiral symmetry in each mirror sub-
space pins the surface state to zero energy. Therefore, the
Majorana arc must be dispersionless and spin degenerate.
From the above discussion, evidently, the combination
of TRS, mirror symmetry, and inversion-gauge symme-
try provides the protection of the Dirac nodes. When
either of these symmetries is broken, the Dirac nodes be-
come unstable. To facilitate the understanding of the
consequence of symmetry breaking, we construct a local
effective model near a Dirac node from general symme-
try analysis. Since a Dirac node lies in a mirror invariant
plane, the effective model must have the following local
symmetries which commute with each other: chiral sym-
metry Π, mirror symmetry M, and the product of TRS
and inversion-gauge symmetryW. For a Dirac node, the
low-energy subspace has a dimension of four. We choose
the representations of symmetry operations as follows:
Π = τy,M = −isx, andW = syτzK with K the complex
conjugation. Note that the Pauli matrices τ and s here
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FIG. 2. Consequences of symmetry breaking for a Dirac SC.
(a) When the inversion-gauge symmetry or TRS is broken,
a Dirac node evolves into a nodal ring or two Weyl nodes
normal to the mirror invariant plane, respectively. (b-d) A
Dirac node (nodal ring) protected by the mirror (total) wind-
ing number ±1 of the surrounding loop (red); a Weyl node
protected by the Chern number ±1 of the surrounding sphere
(light green).(e-g) Sketches of the surface zero-energy modes
for each case. (e) Majorana Kramers arc (light blue) connect-
ing the two surface projected Dirac nodes. (f) Two surface
projected nodal rings with an extended area of zero energy
states inside. (g) A surface arc connecting a pair of surface
projected Weyl nodes. (h-k) Tight binding calculations [28]
for a (001) slab. (h) and (i) correspond to the scenarios in
(f) and (g), respectively. (j) and (k) show that a Dirac SC
may become a fully gapped topological SC when the mirror
symmetry is broken. The blue color corresponds to the zero
energy. We have chosen σzτz to break the inversion-gauge
symmetry, σxsx to break TRS, and σyszτx to break the mir-
ror symmetry, respectively.
have different meaning from those in the original eight-
4band model (1). Under these symmetry constraints, the
effective Hamiltonian takes the generic form of
HD = kxsyτx − kysxτx + kzτz . (7)
When the mirror symmetry is broken, the Dirac node
loses its protection and thus may be gapped out. For ex-
ample, a mirror symmetry breaking perturbation δszτx in
(7) leads to doubly degenerate gapped Dirac bands with
dispersion ε = ±√k2 + δ2. However, the surface Majo-
rana Kramers pair is even robust against mirror symme-
try breaking, as long as the perturbation does not close
the gap along the time-reversal and mirror invariant line
with nontrivial γm. This is because the parity of total γm
determines [17] the Z2 index of a SC with TRS, and in
the current example odd γm makes the Z2 index nontriv-
ial. Therefore, breaking the mirror symmetry may gap
the Dirac nodes producing a topological SC [19, 29] for
which the Majorana arc becomes the helical Majorana
surface state, as seen in Fig. 2(j-k).
When the inversion-gauge symmetry is broken, the
nodal point is not required to be fourfold degenerate.
However, the spin Berry phases γ± = (γt ± γm)/2 are
still well defined in mirror subspaces. It is straightfor-
ward to obtain γ± = ±1 from the above analysis. This
implies there are two separate doubly-degenerate nodes
in the mirror invariant plane, one in each mirror sub-
space, as sketched in Fig. 2(c). In this plane, γt and
γm are either the same or the opposite for any loop only
including one doubly degenerate node. Off this plane,
even though γm can no longer be defined, γt is still well
defined for any fully gapped loop since the chiral sym-
metry is unbroken. Evidently, the two nodal points in
the plane can extend off the plane and form a nodal ring,
which has to be normal to the plane as required by TRS
and mirror symmetry, as sketched in Fig. 2(c). For ex-
ample, such a symmetry breaking term δτx in (7) leads to
a spectrum ε2 =
(√
k2x + k
2
y ± δ
)2
+ k2z , which contains
a nodal ring normal to the mirror invariant plane. As a
consequence on the surface, the projected nodal ring has
an extended area of zero energy modes inside [30, 31] and
there is a surface arc connecting a pair of rings, as shown
in Fig. 2(f) and (h). At a mirror symmetric surface, the
surface arc must be dispersionless and spin degenerate.
A Dirac node may split into a pair of Weyl nodes [32–
37] only when TRS is broken. In the presence of chiral
symmetry, Chern number must be zero and hence an
isolated Weyl node cannot be protected in a 3D SC .
Indeed, the product of TRS and PHS is a chiral symme-
try. Since PHS is intrinsic for any 3D SC, a Weyl node
can only be protected when TRS is broken. As an ex-
ample, a symmetry breaking term δsxτy in (7) splits the
Dirac node into two Weyl nodes with energy dispersion
ε = ±
√
(kx ± δ)2 + k2y + k2z . When the mirror symmetry
is unbroken, no node can be protected in the mirror in-
variant plane due to the absence of chiral symmetry, and
thus the two Weyl nodes move off the plane normally in
opposite directions. Once the pair of Weyl nodes splits
in momentum instead of in energy, the inversion-gauge
symmetry pins them to zero energy. These results, to-
gether with the symmetry breaking perturbations in the
original CuxBi2Se3 model are described in Fig. 2.
All the above features are reminiscent of ABC-
stacked graphene films and recently discovered 3D Dirac
semimetals, in which Dirac nodes are protected by sub-
lattice symmetries and a set of crystalline constraints,
respectively. Analogically, the nodal phase described by
Eqs. (1) and (7) should be entitled “Dirac SCs in 3D”.
We also note that when γm changes by N from ky = 0
to ky = pi in the mirror invariant plane, a pair of nodal
points with kN dispersion appears and in general each
node can split into N Dirac nodes. Consequently, the de-
generacy of surface Andreev arc between two neighboring
projected nodes decreases by two successively from the
surface BZ center to the corner.
The presence of surface Andreev arc for a Dirac SC
depends on the surface orientation. For example, in
Fig. 1(f) we plot the energy spectrum with (010) sur-
face termination. Because the two bulk nodes project to
the same point in the surface BZ, the surface Andreev arc
shrink to a point, which is in sharp contrast to the case
for (001) surface. For those surfaces breaking the mirror
symmetry, the surface Andreev arc is not protected and
may completely disappear. As a result, surface density
of states in tunneling experiment differs between differ-
ent surfaces, as shown in Fig. 1(g). Thus, to identify
a topological nodal phase with surface sensitive probes,
it is necessary to measure multiple surfaces by angular
resolved photoemission spectroscopy, scanning tunneling
microscope, or anomalous thermal (spin) Hall effect.
The 3D Dirac SC may be realized in the nodal phase of
CuxBi2Se3, which serves as a concrete example to illus-
trate the essential physics in this Letter, though the pre-
cise pairing symmetry of CuxBi2Se3 is still under hot de-
bate [19, 38–54]. Recently, there is a hint of the existence
of nodal points in the specific heat data of CuxBi2Se3 at
high x values [55]. As suggested by our theory, differ-
ent symmetry breaking in different samples may explain
why different groups have observed different phases in
CuxBi2Se3. The search for other candidate materials
goes well beyond the scope here and deserves a separate
study in the near future.
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